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(54) Abstract Title 

A method of manufacturing a semiconductor laser device 

(57) The method comprises growing a cap layer 20 containing a high concentration of crystallographic 
vacancies over a semiconductor wafer. The wafer is a semiconductor layer structure 14 that contains an active 
region 17 for laser oscillation. A material 15 for promoting quantum well intermixing, such as Si0 2 is then 
deposited over selected portions of the wafer. The wafer is annealed to promote quantum well intermixing in 
selected portions of the active region, and is then cleaved so that the intermixed regions form non-absorbing 
minor facets of laser devices. The facet regions will have a greater band gap than the rest of the active region, 
and this will allow a higher power output before catastrophic optical damage occurs. 

Growing the cap layer with a high concentration of vacancies improves the efficiency of the intermixing 
process, and means that the annealing process can be shortened or carried out at a reduced temperature. 

A high concentration of vacancies in the cap layer 20 can be obtained by growing the cap layer under 
non-stoichiometric growth conditions. 
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At least one drawing originally filed was informal and the print reproduced here is taken from a later filed formal copy. 
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A Method of Manufacturing A Semiconductor Laser Device, and A Semiconductor 

Laser Device 

The present invention relates to a method of manufacturing a semiconductor laser 
device, and to a semiconductor laser device. In particular, it relates to a method of 
manufacturing a semiconductor laser device in which the bandgap at a facet is greater 
than the bandgap of the active region so that heating of the facet is reduced, and to such 
a semiconductor laser device. 

Semiconductor lasers having a high optical output power are in great demand in a 
variety of applications. For example, in the field of optical storage, use of a light source 
having a higher optical power enables the read/write time to be reduced, thereby 
reducing the access time in compact discs, digital video discs, and other magneto-optic 
storage media. Other applications in which high power output semiconductor lasers are 
in demand include medical applications, displays, and spectroscopy. 

The structure of a semiconductor laser device is shown schematically in Figures 1(a) 
and 1(b). Figure 1(b) is a cross-section along the line B-B shown in Figure 1(a). 

The laser device of Figures 1(a) and 1(b) consists of a semiconductor multilayer 
structure 14 grown on a substrate 13. The multilayer structure 14 contains an active 
region 17, which can be, for example, a quantum well layer or a multi-quantum well 
layer. The device is provided with upper and lower electrodes 9,9' for injecting charge 
carriers into the active region in order to generate light. 

Other layers in the multilayer structure serve to confine light generated in the active 
region in the direction perpendicular to the substrate, and also to confine carriers within 
the active layer. In principle the same layers of the multilayer structure can provide 
both optical confinement and carrier confinement, although often separate layers are 
provided for each purpose as in the well-known separate confinement heterostructure 
(SCH) laser in which optical guiding layers are disposed above and below the active 
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region to provide optical confinement and cladding layers are provided to confine 
carriers within the active region and the optical guiding layers. 
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Light is also confined in one direction parallel to the substrate, and this is genejrs 
done by arranging for current to be injected only into a stripe-shaped portion of 
active region. One way of doing this is to make the upper electrode 9 a stripe elecjn 
as shown in Figure 1(b). It is also possible to remove the parts of the multi 
structure that do not lie under the upper electrode 9, and these parts are shown in broken 
lines in Figure 1(b). Thus, light generated in the active region 17 is free to propags|t| in 
the direction shown by the arrow A-A in Figure 1(a), but is confined in the) tjwo 
directions orthogonal to this propagation direction. The light is effectively propagfitjng 
within a one-dimensional waveguide. 

The end faces 28 of the active region form facets of the laser device. Light propagating 
within the active region along the direction A-A is substantially reflected at the f icets 
28; light will thus pass many times through the active region and this generate^ the 
optical gain required for laser action to occur. In practice, a semiconductor waifer is 
grown and is then cleaved to produce many laser devices. The facets are formed duxpg 
the cleaving process, and may be treated to increase their reflectivity (although it 
course necessary for one facet to be transmissive to some extent to allow light to 
emitted from the laser device). 
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The maximum power output of a semiconductor laser device is limited by a numbje * of 
factors, but the principal limiting factor is the onset of catastrophic optical dajnage 
(COD) to the facets of the laser device. The mechanism by which COD occijr| " is 
described by R. Schatz et al in "Journal of Applied Physics" Vol. 76 No. 4, ppi5|i09- 
2521 (1994). The mechanism is illustrated schematically in Figure 2. 



A laser device is operated by injecting current into the active region (step 1), to gerjerate 
photons as a result of laser action in the active region of the laser device (step 2) J The 
light is emitted from the active region through a facet. 
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As the power output of the laser device increases, non-radiative recombination of 
charge carriers will tend to occur in the vicinity of the facet (step 3), and this 
recombination will cause the generation of heat in the region of the facet (step 4). 

If heating of the facet region occurs, this will reduce the bandgap in the vicinity of the 
facet region (step 5). In a laser where light propagating near a facet region propagates 
in the same material as the active region, such a decrease in the bandgap of the facet 
region means that laser light generated in the active' region will now be absorbed by the 
facet region of the laser device (step 6). As a consequence of this absorption of laser 
light, the rate of carrier generation in the facet region will be increased, thereby 
increasing the non-radiative recombination of carriers in the facet region, and leading to 
further generation of heat. It can thus be seen that steps 3, 4, 5 and 6 form a positive 
feedback loop, which can allow a runaway heating of the facet region to occur. When 
the temperature of the facet region reaches the threshold temperature for the occurrence 
of COD (T CO d), the facet will suffer damage thereby degrading its optical quality and so 
degrading the output from the laser device. Moreover, the facet will eventually melt 
(step 7), at which point the required optical gain will not be generated in the active 
region so that laser action will cease (step 8). 

There are a number of known techniques for increasing the temperature at which COD 
occurs so as to increase the maximum power output of the laser device. One technique 
is to treat the facets of the laser device with a chemical passivation technique in order to 
reduce non-radiative recombination in the facet region. Another known technique is to 
use a flared waveguide in which the cross-sectional area of the waveguide increases 
towards the facet region. This reduces the optical power density at the facet, and thus 
reduces the heat density at the facet thereby delaying the onset of COD. 

Another known technique to delay the onset of COD in semiconductor laser devices is 
to introduce a non-absorbing mirror facet (NAM). This technique is described in U.S. 
Patent Nos. 5 764 699 and 5 376 582. This technique increases the optical bandgap of 
the waveguide in the region near the facet. As a result, even if the bandgap in the facet 
region is reduced as a result of heating of the facet region, the maximum output power 
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of the laser before the onset of COD is increased. One technique that has been used) 
increase the bandgap of the waveguide in the region of the facets of the laser is thje 
technique of quantum well inter-mixing. 

The active region of a semiconductor laser device typically contains semiconduct 

I 

quantum wells as shown schematically in Figure 3(a). The upper trace in Figure 3(a^ 
the conduction band profile of an active region of a laser device, and the lower trace! 
the valence band profile. It can be seen that the active region 10 consists of a numberjo 
quantum wells 11 separated by barrier layers 12. The optical bandgap in the actijvl 
region, and thus the wave length of light emitted by the active region, is determined p 
the composition of the quantum well layers 1 1 and the barrier layers 12, and also by tjh 
shape of the conduction band and valence band in the quantum well layers and barrjeft- 
layers. Normally a quantum well in a laser device has a square well potential profile, 
shown in Figure 3(a). However, the technique of inter-mixing mixes the material of tj* 
well and the material of the barrier, so that there is no longer an abrupt change in tp< 
conduction band and valence band energies at the boundary between a quantum wel 
layer and a barrier layer. Instead, the effect of inter-mixing is to produce a parabojicl 
potential profile as shown in Figure 3(b). Such a parabolic potential profile increase;; 
the bandgap of the active region relative to the square well potential profile. 

One known technique of obtaining inter-mixing is the impurity-free vacant 
disordering method or IFVD. This method is illustrated schematically in Figures 4(a) tc 
4(c). 

Figure 4(a) shows the schematic structure of a semi-conductor laser device. T\\u 
consists of a multilayer structure 14 disposed on a substrate 13. 

The IFVD method of producing a NAM facet is to deposit a layer of Si0 2 on the uppjer 

<; 

service of the multilayer structure wherever a facet is to be formed. Figure 4(b) shows 
layer 15 of Si0 2 deposited over each end of the multilayer structure 14. 
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The laser structure is then annealed. This causes inter-mixing of the materials in the 
underlying quantum well active region, but only in the regions under each S1O2 layer. 
Finally, the S1O2 layers are removed by etching, to give the structure shown in Figure 
4(c). This is a laser structure in which the active region has a parabolic potential profile 
in the vicinity of the facets but a square well potential away from the facets, so that the 
bandgap is greater in the vicinity of the facets than it is away from the facets. Thus, the 
laser has NAM facets, and the maximum power output of the laser before the onset of 
COD is increased. 

Although the IFVD technique is well-known, its precise physical mechanism is unclear. 
Several physical processes are known to play an important role. 

The IFVD process is applicable to, for example, semiconductor materials that contain 
gallium. D.G. Deppe has proposed, in "Journal of Applied Physics" Vol. 64, (12) pp 
R93-R1 12 (1988), that the high solubility of Ga in Si0 2 at high temperatures leads to an 
out-diffusion of gallium when an Si02 layer is deposited over a gallium-containing 
semiconductor layer. This leads to the formation of a high concentration of vacancies at 
Ga sites in the semiconductor layer. If the semiconductor layer is part of a laser 
multilayer structure, such vacancies created in the semiconductor layer will diffuse 
towards the quantum well active region of the laser. This diffusion of vacancies 
towards the active region causes the inter-mixing of the material of the quantum well 
layers and the material of the barrier layers in the active region, and thus produces the 
parabolic potential profile shown in Figure 3(b). 

P. G. Piva et al have shown, in "Journal of Vacuum Science Technology" B16, (4), pp 
1790-1793 (1988), the influence of the concentration of gallium vacancies on the 
quantum well inter-mixing process. Although they describe inter-mixing using ion- 
implanted impurities rather than IFVD, the inter-mixing mechanism is thought to be 
similar. 

The IFVD inter-mixing process relies on the formation of vacancies at Ga sites in the 
semiconductor layer during the steps of depositing the SiC>2 layer and the annealing 



step. This is shown by the critical dependence of the mixing process on the method 
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used to deposit the Si02 layer and on the subsequent annealing process. The extent; of 
inter-mixing can be determined from the shift in the bandgap of the material, which <ia n 
be determined by many techniques including, for example, photoluminescence. It lb s 

! r 

been found that the increase in the bandgap of the materia! caused by mter-rrv^ind I: 
highly dependent on the process by which the SiC>2 layer is deposited over 
semiconductor layer. If the Si0 2 is deposited by sputtering, which is a high-eneih 
deposition process, this is found to be much more effective at promoting inter-mixi 
than a layer of SiC>2 deposited by a low-energy deposition process such as thermal 
evaporation or plasma enhanced chemical vapour deposition (PECVD). 

The process by which the semiconductor material is annealed has also been found: tD 
have a significant effect on the degree of intermixing and thus on the change on j 
bandgap. Thermal annealing in a furnace has been found to be less effective than ra^i! 
thermal annealing (RTA) in which the temperature of the sample is ramped to |h|s 
annealing temperature in a very short time. 



The present invention provides a method of manufacturing a semiconductor laser devjc 
comprising the steps of: growing a cap layer over a semiconductor layer structure, the; 
layer structure containing a quantum well active region; depositing a material for 
promoting quantum well intermixing over a selected part of the cap layer; and annealifri 
the device so as to induce quantum well intermixing in the portion of the active regiorj 
under the strip of material for promoting quantum well intermixing; wherein the methjoti 
comprises growing the cap layer under growth conditions that promote the formation p 
crystal lographic vacancies in the cap layer. 



By incorporating vacancies in the cap layer during its growth, there is less reliance ion 
out diffusion from the cap layer during the annealing process. The efficiency of ;He 
inter-mixing process is increased, and the temperature required during the annealing 
step is reduced. This is advantageous since high temperature annealing is generally 
undesirable in a semiconductor device, for example because it can lead to the diffiisto a 
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of dopants into the active region of the device and so degrade the performance of the 
device. 

The growth temperature of the cap layer may be selected to promote the formation of 
crystallographic vacancies in the cap layer. The growth temperature of the cap layer 
may be lower than the growth temperature of the semiconductor layer structure, or the 
growth temperature of the cap layer may be higher than the growth temperature of the 
semiconductor layer structure. Alternatively, the atomic ratio of the material supply of 
constituents of the cap layer during the growth of the cap layer may be selected to 
promote the formation of crystallographic vacancies in the cap layer. These are 
straightforward methods of growing a cap layer that contains an increased concentration 
of vacancies. 

The material for promoting quantum well intermixing may be Si0 2 . 

The method may further comprise the step of removing the material for promoting 
quantum well intermixing after the annealing step. 

The method may further comprise the step of, before carrying out the annealing step, 
covering at least one non-selected part of the cap layer with a material that inhibits 
quantum well intermixing. The material that inhibits quantum well intermixing may be 
Si 3 N 4 . The method may further comprise the step of, after the annealing step, removing 
the material that inhibits quantum well intermixing. 

The cap layer may contain Ga, and the crystallographic vacancies may be formed at Ga 
atomic sites in the cap layer. The cap layer may be a GaAs layer. 

Alternatively, the cap layer may be a layer of CdSe, GaP, GaN, InN, A1N, InAs or 
AlAs. 

The cap layer may be grown by molecular beam epitaxy, or by metal - organic chemical 
vapour deposition. 




The step of growing the cap layer may comprise: growing a first cap layer, the growth 
conditions of the first cap layer being selected such that the first cap layer is 
substantially stoichiometric; and growing a second cap layer over the first cap layer, tfr 
second cap layer being grown under growth conditions that promote the formation of : 
crystallographic vacancies in the second cap layer; and the material for promoting 
quantum well intermixing may be deposited over one or more selected part(s) of the 
second cap layer. 

The method may further comprise the step of removing the second cap layer after the 
annealing step. The laser then has a stoichiometric cap layer, and this is preferable if ■ 
further processing steps are to be carried out on the laser. 

Alternatively, the method may further comprise the step of removing only part of the \ 
second cap layer after the annealing step. The part(s) of the second cap layer that are ■ 
left will tend to have a high electrical resistance, and so will block injection of current; 
into the associated parts of the laser. 

The method may further comprise the step of growing an etch stop layer between the 
first cap layer and the second cap layer. 

The etch stop layer may be an AlGaAs layer. 

A second aspect of the present invention provides a laser device produced by a method 
as defined above. 

A third aspect of the present invention provides a semiconductor layer device 
comprising: a multilayer structure including an active region for laser oscillation; and £ 
facet; wherein the bandgap of the active region in the vicinity of the facet is greater thikr 
the bandgap of the active layer away from the facet; and wherein a non-stoichiometric; 
cap layer is disposed over the multilayer structure. 
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The non-stoichiometric cap layer may be disposed only over the facet region of the 
laser. 

The laser device may further comprise a stoichiometric cap layer disposed between the 
non-stoichiometric cap layer and the multilayer structure. 

The non-stoichiometric cap layer may contain crystallographic vacancies. 

The non-stoichiometric cap layer may contain Ga, and the vacancies may be at Ga 
atomic sites. The non-stoichiometric cap layer may be a GaAs layer. 

Alternatively, the non-stoichiometric cap layer may be a layer of CdSe, GaP, GaN, InN, 
A1N, InAs or AlAs. 

Preferred embodiments of the present invention will now be described by way of 
illustrative examples with reference to the accompanying figures in which: 

Figure 1(a) is a schematic sectional view of a semiconductor laser device; 

Figure 1(b) is a cross-section along the line B^B in Figure 1(a); 

Figure 2 is a schematic illustration of the mechanism of catastrophic optical damage to a 
facet of a semiconductor laser device; 

Figure 3(a) shows the conduction band and valence band energies of a quantum well 
active region having a square well potential profile; 

Figure 3(b) shows the conduction band and valence band energies of a quantum well 
active region having a parabolic potential profile; 

Figures 4(a) to 4(c) illustrate a known method for the production of a non-absorbing 
mirror facet; 
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Figure 5(a) is a schematic cross-sectional view of a semiconductor wafer, 

Figure 5(b) is schematic cross-sectional view of a semiconductor laser device accordin 
to a first embodiment of the present invention; 

Figures 6(a) to 6(c) illustrate a method of producing a laser device according to the fibt 
embodiment of the invention; 

Figure 7(a) is schematic cross-sectional view of another semiconductor wafer; 

Figure 7(b) is schematic cross-sectional view of a semiconductor laser device accordin 5 
to a second embodiment of the present invention; and 

Figure 8 is schematic cross-sectional view of a semiconductor laser device according 1 3 
a third embodiment of the present invention. 
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Figure 5(a) shows a semiconductor wafer that is used to produce a semiconductor last r 
device according to a first embodiment of the present invention. This wafer comprises 
multilayer structure 14 grown on a substrate 13. The multilayer structure shown 
Figure 5(a) consists of an n-type cladding layer, a first waveguiding layer 16, a quantjrin 
well active region 17, another waveguiding region 18, and a p-type cladding region 11 >. 
However, the invention is not limited to this particular multilayer structure but canjt 
used with any conventional semiconductor laser structure. The multilayer structurej 1(4 
can be grown by any standard epitaxial grown technique such as, for exam|j)l 
molecular beam epitaxy or metal organic chemical vapour deposition (MOCVD). 

In the first embodiment of the present invention, a cap layer 20 containing Ga is grcjvrn 
on the multilayer structure 14. In the embodiment of Figure 5 the cap layer is a laye[ >f 
GaAs. According to the invention, the cap layer is grown so it incorporates vacanciep Sat 
Ga sites. This can be achieved by growing the cap layer 20 under different grolvth 
conditions than the growth conditions used for the rest of the multilayer structure;! 4 
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Providing a cap layer that incorporates vacancies at Ga sites promotes inter-mixing 
when an IFVD process is carried out. 

A method of producing a laser device according to the invention is illustrated in Figures 
6(a) to 6(c). 

In the first step, the multilayer laser structure 14 is grown on a substrate 13 by any 
standard epitaxial growth process. Of the individual layers in the multilayer structure, 
only the active layer 17 is shown in Figures 6(a) to 6(c), for clarity. A GaAs cap layer 
20 is then deposited over the multilayer structure 14. According to the invention, the 
cap layer 20 is deposited under growth conditions that induce the formation of a large 
density of vacancies at Ga sites in the cap layer 20. 

The stoichiometric growth of GaAs in general produces a very low concentration of 
vacancies in the material. Where a GaAs layer is grown by MBE, stoichiometric 
growth is normally obtained at a growth temperature in a range of 350-730° C and a 
V/III flux ratio of 1:1 (see, for example, J.Y. Tsao, "Materials Fundamentals of 
Molecular Beam Epitaxy" pp 65-88, Academic Press (1993)). These figures are, 
however, sensitive to the exact growth condition and, moreover, different growth 
techniques such as MOCVD require different growth conditions to obtain 
stoichiometric growth. 

A layer of GaAs which contains a high concentration of vacancies at Ga sites may be 
obtained through the non-stoichiometric growth of GaAs. One way of obtaining non- 
stoichiometric growth of GaAs is to perform the growth at a temperature below the 
temperature range required for stoichiometric growth. For an MBE growth process, a 
growth temperature in the range of around 200-350°C will produce non-stoichiometric 
growth of GaAs, and will thus lead to a GaAs layer having a large concentration of 
vacancies of Ga sites. Growth at a temperature below the temperature range required to 
give stoichiometric growth will hereinafter be referred to as "low temperature growth". 
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Non-stoichiometric growth can also be obtained by performing the growth process $t 
temperature greater than the temperature range at which stoichiometric growth occiJiiL 
In the case of MBE growth, for example, growth at a temperature range of 730°C; or 
above will produce a GaAs layer having a high concentration of vacancies at Ga sijes 
Growth at a temperature greater than the temperature range that provides stoichiometric 
growth will be referred to hereinafter as "high temperature growth". 



It is also possible to obtain non-stoichiometric growth by varying the V/III flux ratio.: . 
V/III flux ratio of < 1 will typically produce a GaAs layer that is rich in Ga, j[n|d 
contains Ga atoms at interstitial sites and vacancies at arsenic sites. A V/III ratio of > 1 
will tend to produce a GaAs layer that is rich in As, and contains vacancies at Ga sijtes 
and As atoms at interstitial sites. The exact effect of varying the V/III ratio is dependb tt 
however on a number of other parameters of the growth process. 

Figure 6 (a) shows the multilayer structure 14 after the cap layer 20 containijn* 
vacancies at Ga lattice sites has been grown. 



The next step is to deposit a material that promotes intermixing on selected areas of tl 
wafer. In this embodiment, Si0 2 (silicon dioxide) is used as the layer to prom<j> 
intermixing. Silicon dioxide is deposited on selected areas of the epitaxial wafer wh£ 
it is desired to promote intermixing. These areas are defined by any standi it] 
lithographic process. Typically, the silicon dioxide will be deposited in stripes over t 
wafer to define the facet areas of the individual laser bars that will be obtained once 1" 
wafer has been cleaved. The silicon dioxide stripes are typically 10-200 jim wide, js 
that once the wafer is cleaved this leads to NAM regions next to the facets having 
width in the region 5-100 jxm. The precise width of the NAM region that is requitje* 
will be determined by the exact dependence on the onset of COD on the width of tjh 
NAM region. 

For clarity, Figure 6(b) shows only three strips of silicon dioxide 15a,15b,15c depositje i 
on the cap layer 20. The wafer will be cleaved down the centre of the central strip jo f 
silicon dioxide 15b, whereas the wafer will not be cleaved along the two outer strips icf 
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silicon dioxide 15a,15c; the two outer strips of silicon dioxide 15a, 15c are therefore 
approximately half the width of the central strip of silicon dioxide 15b. In practice, 
however, there would be a large number of strips of silicon dioxide deposited on a 
single wafer since a wafer is cleaved to produce a large number of laser devices.. 

It is preferable that the silicon dioxide strips 15a, 15b, 15c are deposited by a high energy 
deposition process, since this will tend to induce further vacancies at Ga lattice sites in 
the cap layer 20 and possibly in the upper part of the multilayer structure 14 (the greater 
the energy of the deposition process, the greater the depth at which vacancies will be 
induced). However, since the cap layer 20 already contains intrinsic vacancies at Ga 
sites it is possible to use other growth processes to deposit the cap silicon dioxide strips, 
for example a low energy deposition process such as thermal evaporation or PECVD. 

Once the silicon dioxide strips 15a, 15b, 15c have been deposited on the cap layer, the 
wafer is annealed to induce quantum well intermixing in the regions of the active layer 
under the silicon dioxide strips 15a, 15b, 15c. This can be done using a standard 
annealing process, for example a RTA process as discussed above with regard to the 
known method of Figures 4(a) to 4(c). However, according to the present invention, the 
cap layer 20 containing a high concentration of vacancies at Ga sites enhances the 
intermixing process, so that the parameters of the annealing process are less stringent in 
the present application than in the prior art IFVD process. For example, simple furnace 
annealing without rapid temperature ramping can be used. Alternatively, the 
temperature and/or duration of the annealing process can be reduced, so that the risk 
that dopants in the multilayer structure will diffuse into the active region is reduced. 

Once the annealing process has been carried out, the silicon dioxide strips 15 are 
removed using, for example, a standard hydrogen fluoride etching technique. .As shown 
in Figure 6(c), this will leave a wafer having a multilayer laser structure in which the 
active layer 17 contains regions 21 having an increased bandgap. These regions of 
increased bandgap are at positions corresponding to the positions of the strips 
15a, 15b, 15c of silicon dioxide. 
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Figure 5(b) shows the structure of a laser obtained by cleaving the wafer shown! i|i 
Figure 6(c). The increased bandgap regions 21 will act as NAM facets, and II 
maximum power output of the laser before the onset of COD will be increased. 
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Once the silicon dioxide strips 15a, 15b, 15c have been removed, the wafer can j 

j 

processed in a conventional manner. For instance, the wafer may be etched to produ 
ridge laser structures, and metallic contacts to the n-type cladding layer and p-claddm! 
layer can be provided. Such processing steps would generally be carried out before thjjs 
wafer is cleaved into individual laser bars. 

The parts of the wafer that are not covered by the strips of material to promote quanta 
well intermixing are preferably covered by a material that acts as a barrier I ti 
intermixing. These layers are shown as 22 in Figure 6(b). A suitable material for tjh 

i 

strips 22 is Si3N4. This material can be conveniently deposited by PECVD. The strjp > 
22 of are also removed during the etching step to remove the silicon dioxijd 



layers 15a,.5b,15c. .„ prinoipte, however, the strips 22 can be omitted, so «ha, on ly «: 
silicon dioxide strips 15a, 15b, 15c are deposited on the surface of the semi-conductor- 
wafer. 



Figure 7(a) illustrates another semiconductor wafer. This wafer can be used to obtaiiji i 

laser device according to another embodiment of the invention. As with the wafer usjed 

< ■ - -I 

in the method shown in Figure 6(a) to 6(c), this wafer comprises a substrate 13, a seifti- 

i 

conductor multilayer structure 14 that includes a quantum well active layer 17, an4 i 
cap layer 20. The other layers of the multilayer structure are not included in Figure 7(a) 
for ease of illustration. 

In the wafer of Figure 7(a), the cap layer 20 is formed of three separate layers. Initiajl 
a GaAs layer 23 is grown on the multilayer structure 14 under stoichiometric grovft 
conditions. An etching stop layer 26 is then grown over the first cap layer 25. This 
be, for example, a thin AlGaAs layer. The etching stop layer 26 is preferably grow 

under stoichiometric growth conditions. Finally, a second cap layer 27 that contaj 

i 

Ga, such as, for example, a GaAs layer, is grown over the etching stop layer 26. This; if 
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grown under non-stoichiometric growth conditions, and so incorporates a high 
concentration of vacancies at Ga sites. 

The wafer shown in Figure 7(a) is processed in the manner described above with 
reference to Figures 6(a) to 6(c) up to and including the etching step of removing the 
silicon dioxide strips by etching with hydrogen fluoride solution. Once the hydrogen 
fluoride etching step has been completed, the non-stoichiometric GaAs layer 27 is then 
removed by an etching process chosen so as to have no etching effect on the etch stop 
layer 26. The etching process used to remove the second cap layer 27 can be any 
suitable standard etching process, for example etching using NH 3 OH:H 2 02. 

Once the second cap layer 27 has been removed, the etching stop layer is then removed 
by a selective etching process which does not affect the underlying first cap layer 25. A 
suitable etching process for removing the etching stop layer 26 is etching with hydrogen 
fluoride. 

Figure 7(b) shows a laser produced from the wafer of Figure 7(a). This laser is 
generally similar to the laser of Figure 5(b), except that the laser structure of Figure 7(b) 
is capped by a stoichiometric GaAs cap layer rather than by a non-stoichiometric layer 
as in the embodiment of Figure 5(b). This is more advantageous for further processing 
of the laser structure. 

The processes of depositing an Si02 layer and annealing the wafer can cause damage to 
the cap layer, and this damage can make it difficult to deposit ohmic contacts on the 
wafer. In this embodiment of the present invention, however, any damage will occur 
primarily in the second cap layer 27, which is removed before the step of depositing 
contacts is carried out. The contacts will be deposited on the first cap layer 25, and this 
will in general be substantially free of damage. It is therefore easier to deposit good 
quality contacts on the laser of Figure 7(b) than a on laser structure in which the non- 
stoichiometric cap layer is not removed. 
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A further advantage of removing the non-stoichiometric cap layer is that it is knqvn 
that a non-stoichiometric cap layer that has been annealed can become electric&liy 
resistive, as explained below. The presence of an electrically resistive layer in the 14 
structure is undesirable, since it will again make it difficult to deposit ohmic contacts on 
the laser device. 



In a further embodiment, the step of etching the second cap layer 27 described vyith 
regard to Figures 7(a) and 7(b) above is performed only in the areas of the wafer aiMy 
from the regions in which intermixing has occurred. In this embodiment, when 
wafer is cleaved to form laser bars, a portion of the second capping layer 27 will rerr 
over the NAM facet regions of the laser. A laser according to this embodiment oft 
invention is shown schematically in Figure 8. 



in 



It is known that the process of annealing a non-stoichiometric GaAs layer, ancj 
particular a non-stoichiometric GaAs layer that contains As atoms at interstitial sijte s, 
can result in the layer becoming electrically resistive owing to the formation! :>f 
precipitates of arsenic. If the non-stoichiometric GaAs layer is left in place over j the 
NAM facet regions of the laser device, these resistive layers will inhibit the flovj bf 
current into the facet regions, and this will reduce the amount of non-radiajile 
recombination of carriers that occurs in the facet regions and thereby further incnia >e 
the maximum output power before COD occurs. 



e 
is 



The present invention has been described above with reference to lasers in which jth 
cap layer is a layer containing Ga, such as a layer of GaAs. The present inventioji ' 
not, however, limited to a cap layer that contains Ga, but can be applied to ojhsr 
semiconductor materials. Other materials for the cap layer to which the invention jc m 
be applied include, but are not limited to, CdSe, GaP, GaN, InN, A1N, InAs and AlAs. 



In the embodiments described above silicon dioxide (Si0 2 ) is used as the materia] 
promoting intermixing on selected areas of the wafer. The invention is not, howev< ;r, 
limited to the use of Si0 2 , and different materials may be applicable for different 
semiconductor systems. 



i 



CLAIMS: 
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1 . A method of manufacturing a semiconductor laser device comprising the steps 
of: 

growing a cap layer over a semiconductor layer structure, the layer structure 
containing a quantum well active region; 

depositing a material for promoting quantum well intermixing over a selected 
part of the cap layer; and 

annealing the device so as to induce quantum well intermixing in the portion of 
the active region under the strip of material for promoting quantum well intermixing; 

wherein the method comprises growing the cap layer under growth conditions 
that promote the formation of crystallographic vacancies in the cap layer. 

2. A method as claimed in claim 1 wherein the growth temperature of the cap layer 
is selected to promote the formation of crystallographic vacancies in the cap layer. 

3. A method as claimed in claim 2 wherein the growth temperature of the cap layer 
is lower than the growth temperature of the semiconductor layer structure. 

4. A method as claimed in claim 2 wherein the growth temperature of the cap layer 
is higher than the growth temperature of the semiconductor layer structure. 

5. A method as claimed in claim 1 wherein the atomic ratio of the material supply 
of constituents of the cap layer during the growth of the cap layer is selected to promote 
the formation of crystallographic vacancies in the cap layer. 

6. A method as claimed in any preceding claim wherein the material for promoting 
quantum well intermixing is Si0 2 . 

7. A method as claimed in any preceding claim and further comprising the step of 
removing the material for promoting quantum well intermixing after the annealing step. 
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8. A method as claimed in any preceding claim and further comprising the step of, 
before carrying out the annealing step, covering at least one non-selected pan of the car 
layer with a material that inhibits quantum well intermixing. 

9. A method as claimed in claim S wherein the material that inhibits quantum well 
intermixing is Si3N 4 . 

10. A method as claimed in claim 8 or 9 and further comprising the step of, after the 
annealing step, removing the material that inhibits quantum well intermixing. 

11. A method as claimed in any preceding claim wherein the cap layer contains Gji, 
and the crystallographic vacancies are formed at Ga atomic sites in the cap layer. 

12. A method as claimed in claim 1 1 wherein the cap layer is a GaAs layer. 

13. A method as claimed in any of claims 1 to 10 wherein the cap layer is a layer oi 
CdSe, GaP, GaN, InN, AIM, InAs or AlAs. 

14. A method as claimed in any preceding claim wherein the cap layer is grown by 
molecular beam epitaxy. 

15. A method as claimed in any of claims 1 to 1 3 wherein the cap layer is grown b) 
metal-organic chemical vapour deposition. 

16. A method as claimed in any preceding claim wherein the step of growing the 
cap layer comprises: 

growing a first cap layer, the growth conditions of the first cap layer being 
selected such that the first cap layer is substantially stoichiometric; and 

growing a second cap layer over the first cap layer, the second cap layer being 
grown under growth conditions that promote the fonnation of crystallographic 
vacancies in the second cap layer; 
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and wherein the material for promoting quantum well intermixing is deposited 
over one or more selected part(s) of the second cap layer. 

17. A method as claimed in claim 16 and further comprising the step of removing 
the second cap layer after the annealing step. 

18. A method as claimed in claim 16 and further comprising the step of removing 
only part of the second cap layer after the annealing step. 

19. A method as claimed in claim 16, 17 or 18 and further comprising the step of 
growing an etch stop layer between the first cap layer and the second cap layer. 

20. A method as claimed in claim 19 wherein the etch stop layer is an AlGaAs layer. 

21 . A method substantially as described herein with reference to Figures 6(a) to 6(c) 
of the accompanying drawings. 

22. A laser device produced by a method as defined in any of claims 1 to 2 1 . 

23. A semiconductor laser device comprising: a multilayer structure including an 
active region for laser oscillation; and a facet; 

wherein the bandgap of the active region in the vicinity of the facet is greater 
than the bandgap of the active layer away from the facet; 

and wherein a non-stoichiometric cap layer is disposed over the multilayer 
structure. 

24. A semiconductor laser device as claimed in claim 23 wherein the non- 
stoichiometric cap layer is disposed only over the facet region of the laser. 

25. A semiconductor laser device as claimed in claim 23 or 24 and further 
comprising a stoichiometric cap layer disposed between the non-stoichiometric cap 
layer and the multilayer structure. 
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26. A laser device as claimed in any of claims 23 to 25 wherein the non- 
stoichiometric cap layer contains crystal lographic vacancies. 

27. A laser device as claimed in any of claims 23 to 26 wherein the wherein the nO:ii 
stoichiometric cap layer contains Ga. and wherein the vacancies are at Ga atomic sites. 

28. A laser device as claimed in claim 27 wherein the non-stoichiometric cap layei; 
is a GaAs layer. 

29. A laser device as claimed in any of claims 23 to 26 wherein the non- 
stoichiometric cap layer is a layer of CdSe, GaP, GaN, InN, A1N, InAs or AlAs. 

30. A laser device substantially as described herein with reference to Figure 5(b) of 
the accompany drawings or to Figure 7(b) of the accompany drawings or to Figure 8 of 
the accompany drawings 
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